boreal/deciduous forest ecotone, it is found that inherent physiological differences between conifers and deciduous trees lead to differences in productivity which are related primarily to temperature. The model predicts a reversal of deciduous/coniferous productive dominance at the latitude of the observed ecotone; that is, within the transition zone of mixed forest. The productivity model does not adequately explain the existence of the deciduous/southern pine ecotone. Soil chemistry apparently plays a role in the determination of this boundary.
deficit [Stephenson, 1990] . While these relationships may provide some clues to the underlying physical mechanisms, they are important ecologically only indirectly through their effect on the competitiveness of plants [Walter and Breckle, 1985, p. 159] .
At the other extreme are models which "grow" individual plants and chart the changes in vegetation systems over many generations of plants [e.g., Shugart, 1984] . Although these models have been quite successful in simulating current conditions and could undoubtedly aid in the prediction of future distributions as well, they are limited by a lack of physiological realism.
Our approach attempts to provide a simple formulation of physical mechanisms that can explain the observed heat and moisture limits to primary vegetation formations at the regional scale (say, 10 4 km 2) resolved by general circulation models. We begin with a succession of postulates as follows:
(1) Relationships between plant types at a given location are competitive. (2) Competitive dominance results from the ability of one vegetation type to out produce all other types at a given location. (3) Net primary production (NPP) (both above and below ground), rather than gross primary production, is the important quantity in determining competitive advantage. (4) Canopy transpiration rate is a surrogate for the rate of net primary production. With these assumptions our approach is limited to those situations in which a water use model of productivity is adequate and applies equally to each of the competitors. Exceptions to this are probably numerous including (but not limited to) locations where soil chemistry, fire, or pests selectively limit productivity.
We limit our study to one of the two major vegetation ecotones in eastern North America, the transition from evergreen (coniferous) boreal to deciduous fl.)rest, as is shown in Figure 1 .
Model of Net Primary Productivity
We use the last of these postulates to write the annual net primary productivity of a closed canopy:
where NPP is the net primary productivity (g dry weight m-2
(land) yr-•); a is the water use efficiency of production (g dry weight g-• H20 transpired); Era is the actual evapotranspiration (g H20 m -2 (canopied land) yr-•); and M is canopy density (m 2 (canopied land) m -2 (land)).
Canopy Density M
The fraction of land surface shaded by the canopy with the Sun at the zenith is M, the canopy density. For M = I the canopy is said to be "closed." Canopy density is a function of climate, soil, and the water use characteristics of the plants composing the canopy [Eagleson, 1978] .
Water Use Efficiency of Production o•
The water use efficiency of productivity a is defined by Larcher [1983] as the amount of dry matter produced per unit of water transpired. On an annual basis, its value can be assumed to be relatively constant for a given species. It is a function of the type of photosynthetic process employed by the plant {i.e., C 3, (7 4, •n' (i:AM} and of the percentage of gross production which is consumed by respiration. All temperate fore,,t tree species use C 3 photosynthesis.
Annual Transpiration E-r•
Transpiration is periodic at the daily scale according to the availability of light, and this oscillation is modulated seasonally according (primarily) to temperature. In estimating the annual total transpiration E.]a we will average the diurnal variation for each day and sum these averages over all the days of the year. Analytically, this is 365 E'i'• = "Z Er, Cif(Li) Transpiration Rate Er. Complex models exist for estimating the transpiration rate Er of (2) as a function of plant physiology and the environmental forcing [e.g., Sellers et al., 1986; Dickinson et al., 1986] . In their complete form these models contain a large number of parameters to be estimated for each application. Their simplified, genetic form is illustrated by the so-called "big leaF' or "single source" canopy representation shown in Figure 2 as given by Dickinson [1992, p. 140] . In this diagram Rn is the net radiation, q is the water vapor mixing ratio, T is temperature, u is the wind speed, r is the (equivalent) resistance, and the subscripts a and c refer to atmosphere and canopy, respectively. The path on the left-hand side represents the moisture flux, with c denoting canopy (including stomatal) conditions). The path on the right-hand side represents the heat flux, with c denoting some average location within the canopy. Point a in the atmosphere is located at "screen height" above the canopy. It is commonly assumed that the separate atmospheric resistances r a to the flux of water vapor and of heat are identical. Monteith [1965] . It takes on values 0 -< k -< 1 and may vary over its full range in a single day according to the many environmental influences on r a, r c, •, and % Since some of these influences are poorly understood and many are difficult to quantify, agriculturalists commonly use a single value of k, time-averaged over the growing season, to reflect the relative water use of a given species at maturity. We follow that simplification here for trees. Photosynthetic capacity C. Seasonal changes affect daily E r by determining the length of the active photosynthetic period, which is also the active transpiration period. In deciduous trees, the timing of leaf emergence is primarily In general, for any given plant at a specific season and time in its life cycle, there is some optimum temperature at which photosynthesis will proceed at a maximum rate if other factors such as light are not limiting. This optimum is primarily related to the enzymatic steps involved in the photosynthetic process and is not necessarily constant; it may shift with the seasons as the plant acclimates to changing average temperatures. All of these considerations are accounted for in the model by the photosynthetic capacity coefficient C.
Multiple leaf layers. An important canopy characteristic is that of multiple, overlapping layers of leaves. This characteristic is measured by the species-dependent leaf area index L, which represents the total (one-sided) area of leaves per unit of canopy. It clearly has an effect on productivity as formulated here: first, through the multiplicity of (varyingly shielded) evaporating surfaces, it affects E r, and second, through these same photosynthesizing surfaces, it affects the energy supply.
In this model we assume that the steady state effect of L is implicit in k. The effect of changing L at the beginning and end of the deciduous growing season is described by the canopy function f(L). Temperature data for the nearest recording station for the corresponding years were also obtained. Accumulated growing degree days were computed using a threshold of 5øC and a starting date of February ! for cumulation, which produced an average of 194 degree days necessary for bud break.
A certain amount of time is then necessary for the tree to develop its full complement of leaves. Very little information is available about the nature of this process; however, Taylor 
Model Prediction of Ecotone Location
We expect our model to be most applicable to situations in which the transpiration is limited by available energy rather than by available water. In the case of water limitation we might expect each competing plant community to be capable of using all the available water, whereupon relative produeh theory is that with increasingly warm winters at more southerly latitudes the pines can photosynthesize essentially all year [Perry, 1971] , and that this should promote a higher net primary productivity in the pines than in the deciduous 
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